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ABSTRACT 


The purpose of this study was to quantify the influence of 
selected variables on the terminal velocity of a downhill skier. A 
computermodel representing a skier in a uniform position on a uni- 
form slope was constructed. Expressions quantifying the importance 
of the variables: mass of the skier-ski system, angle of the slope, 
coefficient of friction, planform area, and coefficient of drag 
were derived from the basic equation for terminal velocity. A field 
study was administered to see whether the results concerning the in- 
fluence of added mass on the terminal velocity could be reproduced. 

The fact that a mass increment theoretically produces a higher 
terminal velocity has been stated in the literature. The importance 
of aerodynamic considerations is widely accepted. The results of 
this study agree with the litcrature. Furthermore, the pre= 
sented findings allow quantification of the impact of selected vari- 
ables and prediction of terminal velocity for specified cases. The 
results of the field experiments confirm the validity of the com- 
puter model. The findings are summarized in tables that allow easy 
and fast estimation of the per-cent change in terminal velocity caused 
by a defined change of one of the variables. This study indicates that 
the feasibility of improving the time of a downhill run by adding 
mass to the skier-ski system has to be investigated under racing con- 


ditions to see whether a net gain in time materializes. 
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Chapter I 


Statement of the Problem 


Introduction 


The coach, trying to assess the performance of a downhill 
skier, usually has to rely on the total time for a run (as compared 
to other racers), intermediate times, direct observation of one sec- 
tion of the race and video or film documentation. 

It is usually impossible to say what exactly caused a run to 
be faster than other runs because of the complexity of the event 
(i.e. the large number of influencing variables) and the fact 
that slight changes (e.g. in body position) are of considerable 
importance. It is also virtually impossible to determine how impor- 
tant different ifactors are for the wotal performance. Pure empirical 
research in this case seems to be of limited value because only re- 
sults and not reasons are demonstrated. 

The key to an insight in the event is thus a method that al- 
lows isolation of important variables. The question is: (a) What 
is important, (b) How important is it and (c) Why is it important. 
Answers to these questions can be brought closer to a solution by 
determining the influence of one single factor on the performance. 

In the case of downhill skiing intervening variables make it nearly im- 
possible to look at one variable at a time in an experimental environ- 
ment. Thus both the theoretical and the empirical approach must be 
used as methods of providing the coach with tools to estimate the im- 


pact of selected variables on performance. This study concentrates 
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on factors that determine terminal velocity (top speed) of the skier 
and on suggestions on how to increase it. An increase in terminal 
velocity should bring a potential improvement of the overall per- 


formance. 


Purpose of the Study 


The purpose of this study was to quantify the influence of 
selected variables on terminal velocity in downhill skiing. In par- 
ticular these variables include: (a) mass of the skier-ski system, 
(b) angle of the slope, (c) coefficient of friction between ski and 


snow, (d) planform area of the skier and (e) coefficient of drag. 


Definition of Terms 


A Angle of the slope in degrees. 
A Critical angle for impending motion. The smallest angle of 
the slope at which a skier will start sliding for a given 


CcOocEELCIent Of trict lon. 


a The acceleration of a given mass under the influence of a 
£Orcey 

CD The coefficient of drag of the skier. 

d The density of the air. 

ae The net accelerating force obtained as the difference between 


the force component parallel to the slope (F,) and the fric- 
tion force: (ra). 

F The drag force defined as the product of the square of the 
velocity, the planform area (PA), the coefficient of drag (CD) 


and 1/2 the density of the air (d). 
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The friction force is the product of the normal component of 
force (FD and the coefficient of friction (u). 

The normal component of the force. 

The force component parallel to the slope. 

The acceleration due to gravity. 

The mass of the skier-ski system. 

The planform (cross-sectional) area of the skier. 

A defined displacement of the skier. 

The coefficient of friction between ski and snow. 

The velocity of the skier. 

The velocity of the skier after a defined displacement (s). 


The terminal velocity of the skier under defined conditions. 
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Chapter II 


Review of Literature 


The coefficient of friction between the ski and the snow sur- 
face has been investigated by several researchers. The findings sug- 
gest that the coefficients of static and kinetic frictions are sub- 
ject to substantial changes caused by factors such as: snow conditions; 
snow and air temperature; as well as smoothness, material, and pre- 
paration of the ski sole. (OUTWATER 1970) (SHIMBO, 1971). Therefore, 
it has to be assumed, that the results reported hold true only for 
specific situations. KINOSITA (1971) determined the coefficient of 
kinetic friction to be .05. FUKUOKA (1971) p.48) reports values of 
.1 to .05 and .01 to .05 for the coefficients of static and kinetic 
friction respectively. ~SHIMBO ((1971)) tried to eliminate intervening 
variables by measuring the friction of a ring sliding on a snow-filled 
pan an a controlled) laboratory setting. He found the’ coefficient of 
friction to be independent of running speed. Range tested: .1 to 
7.2 m/s. Loading the sliding ring with different weights produced 
simi lari coefficients;of friction, A: range or 21) to, 66 g/cm? was 
tested. The pressure exerted by a skier is 20 to 25 e/em. SHIMBO 
tested a variety of ski base materials. The most frequently used 
high density polyethylenes had a coefficient of kinetic friction of 
POe eto: V0S 

The importance of the mass of the skier-ski system for the 
terminal velocity has been recognized by several authors. SCHOECK 
(1963) states that the heavier skiers have an advantage because the 


velocity gain caused by the greater mass will generally overcompensate 
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the loss caused by the increased planform area. FUKUOKA (1971 p.24) 
supports this statement. In a study basically concerned with aero- 
dynamic factors related to downhill skiing TEMPLIN (1968) mentions 
the possibility of adding extra mass to the skier-ski system to pro- 
duce higher terminal velocities. To our knowledge no attempt has 
been made to quantify the influence of added mass on the terminal 
velocity. 

The important role of aerodynamic factors such as planform 
area or coefficient of drag for downhill skiing is widely recognized. 
A number of windtunnel experiments were performed to find the optimum 
body position and the best racing suit for downhill skiers. (RAINE, 
1970), (FUETTERER, 1960). TEMPLIN (1968) derived equations to esti- 
mate terminal velocity. He also solved the time and displacement 
equations for a skier in a uniform position on a slope with known rise 
and run. THOMANN (1976) calculated the time loss caused by an increase 
of planform area for.a defined time interval. He also reports values 
OFS mé (deep crouch) and 1.2 m* (upright stance) for the planform 
area. In accordance with SCHOECK (1963) THOMANN states that the 
drag reduction achieved by the so-called 'egg position' is caused by 
a decrease of planform area rather than a decrease of the coefficient 
of drag. GORLIN et.al. (1972) tested subjects in a windtunnel with 
relative velocities between 10 and 45 m/s. The coefficient of drag 
was found to be virtually independent of the body position of the 
Skiers 

In summary it has to be mentioned that the available litera- 
ture pertaining to the specific problems of this study is rather 
limited. This reflects the fact that biomechanical research does not 


yet play a major role in this sporting event. 
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Chapter 141 


Methods and Procedure 


The following chapter describes the methods used to construct 
the mechanical model and the procedure followed for the field experi- 


ment as well as the limitations of this study. 


The Mechanical Model 


A mechanical model was constructed with the following rele- 
vant variables for the overall performance considered: 

(a) The’ angle of the slope. 

(b) The mass of the skier-ski system. 

(c) The coefficient of friction between ski and snow. 

(d) The planform area of the skier. 

(e) The coefficient of drag of the skier. 

Several programs were run on the computer to compute terminal 
velocity from the derived equations. It was possible to determine 
the influence of each variable on the terminal velocity through the 
use of the computermodel. The assumed input values were validated 
by comparison with results of related experimental research. A Hew- 
lett & Packard 9825A Computer was used for the data processing. All 


programs were written in Hewlett Packard Language (HPL). 


The Field Experiment 


One expert male skier skied down the fall-line of a natural 


hill assuming two different positions: standing and crouching 
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(racing position). The subject performed four runs in each position. 
In four of the eight runs the skier carried a weightbelt (8 kg). The 
subject was asked to keep his body position constant and to reproduce 
Tee romurun CO Lin. 

The angle of the slope was measured with a hubsometer and 
checked using a film recording. The run-up length to the measuring 
section was 45 meters. All runs were filmed with a Photo-Sonics 1 
PL 16 mm camera equipped with an electronic timing light generator 
set at 10 Hz. The camera was operated at 50° frames per second with 
a shutter angle of 120°, exposure time of 1/150 second and the f-stop 
Set at 2.5. All .shots were taken with Kodachrome 25 ASA film. The 
camera was placed perpendicular to the measuring section at a dis- 
tance of 65 meters. 

The datafilm was analyzed using a HP 9825A Computer hardwired 
to a HP 9864A Digitizer and a Bendix digitizing board. The system 
allows determination of cartesian coordinate points accurate to 
.0056 cm. The total accuracy of the film analysis was dependent on 
the resolution of the film and the skill of the operator. A compari- 
son of repeated measures did not produce relative errors for the deter- 
mined velocities greater than ¢ .15 m/s. The real size - image size 
ratio was 12.35 to 1. A TRIAD VR-100 film analyzer was used for pro- 
jection onto the Bendix digitizing board. 

The computerized programs rotated the internal X and Y axis 
of the platen to match the angle of the slope. Internal 
body angles were computed using the cosine law. Furthermore the 
velocity of the skier was calculated. In cases where the body 


position changed throughout the run the velocity of the center of mass 
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was determined, otherwise a surface mark was used. The programs also 
accommodated and corrected for slight variations of the frame rate 


based on the timing marks... - 


Limitations of the Study 


The 'in vitro' method used has a number of inherent limita- 
tions. As only mathematically quantifiable variables can be consid- 
ered a certain degree of simplification cannot be avoided. For some 
of the variables a value based on the findings of the related re- 
search has to be assumed. The mechanical model only considers the 
case of a skier skiing down the fall-line of a uniform slope in a 
uniform position. 

Although the method of analysis used for the field experi- 
ment allowed an accurate determination of velocities by reducing the 
time and displacement error; the experiment must be seen in the con- 
text of the findings of the theoretical approach. A true validation 
of the model would require a very definite control of the main vari- 
ables and a larger number of trial runs. This could not be achieved 
because of technical difficulties. Furthermore, the available run-up 
length of 45 meters was not sufficient to produce terminal velocity. 
The experiment should be viewed as an indication of the tendencies 


observed with the mechanical model. 
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Chapter’ IV 


Results and Discussion 


This chapter reports the findings obtained from the theoreti- 
cal approach (namely the mechanical model) and the field experiment 


administered. 


The Basic Mechanical Model 


Under the defined conditions: 
14! Uniform slope; 
2 on Uniform posit ton. 


The forces acting on the skier - ski system are as follows: 


Where: 

BS Force component parallel to the slope. 
i: The normal force. 

Fe: The ‘friction force:. 

Fae The drag force. 


As The angterot she slope. 


Rac The reaction force. 
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The Motion of the Skier disregarding Air Resistance 


(a) For a given mass of the skier and a given angle of the 
slope, the force acting parallel to the slope tends to accelerate the 
skier and is defined by the relation: 

Bet =mgsinA 

the force mormad’ bo therslope as the product of the mass the 

acceleration due to gravity and the cosine of the angle: 
i =m gocos A 


The system is in uniformly accelerated motion. 


(b) Knowing the normal force and assuming the coefficient of 
friction between ski and snow being independent of Velocity and ee 


the friction force (F -) can be obtained as: 


The net accelerating force can thus be defined as: 
har PSI COS WEAN Ue BN Mets tae 83'S. fab oa ale calle (1) 


The equations for uniformly accelerated motion still apply: 


Vi = sateand,s = zat’ 
where: a= eyo 
Mass 


It is obvious that the mass has no influence on the velocity. 
V is determined by the angle and the magnitude of the coefficient of 
friction. The friction force reduces the net accelerating force. The 
resulting loss in velocity is shown in Figure l. 

The expression derived from the net accelerating force is 
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The Motion of the Skier considering Air Resistance 


The total drag or air resistance can be calculated using the 
Standard formula: 
DRAG = S v> (PA) (CD) 
Where: 
d ty densatsyot the Jair. 
Ver, Velocity of ‘the moving ob sect. 
PA: the planform area of the object. 
CD: the coefficient of drag of the object. 

Drag Imereases as the parabolic function of velocity.  YVhus 
the skier will vlaccelerate until the drag force equals the net accel- 
erating force. As the rate of change of velocity decreases, the 
velocity curve levels off. When dv/dt = 0 the skier has attained 
terminal velocity. The force accelerating the skier can be written 
as: 

mgsinA-mgecos Au - Sv (BAY “(CD sansa. 
Terminal velocity is calculated by equating the expressions 


for drag and the net accelerating force: 


ov, CO (EDN =a es Sloe. Mb COSTA I sa. eit (2) 


solving for No we obtain: 


ve Zon Seo(san A’ =, COS vANU) 
ae | ECL ui GG Ds) aie Ries oc x, Aer Lacon act wanes tak otic (3) 


From this equation it becomes obvious that the terminal velo- 


city is influenced by: mass, angle of slope, planform area, and the 
Coefticients of. drag ‘andutriction,.. The density, of the air and’ the 


acceleration due to gravity are assumed constant. 
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The Velocity of the Skier as a Function of the Displacement 


The velocity of a skier after an arbitrary displacement (s) 


under defined conditions can be obtained as: 


Ze 2me (Sani A--) cose Agu) =a bA ete jes ‘ 
V = io Se ON) CC ( 0 a re Sa ea (Pierce; 1956) 


In the case of terminal velocity the displacement the fol- 
lowing end-conditions apply: 


-~ 00 
S—~ oo thus e 30 


Hence, the above given equation reduces to the expression 
for terminal velocity (3) derived in the preceeding section. 
The velocity as a function of the’displacement (s) can thus 


be written as: 


a Aste A) CODES 
koto : 


Where: He = the velocity of the skier after displacement s. 


The Influence of Selected Variables on Terminal Velocity 


The following part of this thesis deals only with terminal 
velocity because: 

(a) Under normal racing conditions one can expect only minute 
differences between the equipment used and the level of proficiency 
of the competitors. Figures (2) and (3) give examples of velocity 
curves with slightly modified input values for the coefficient of 
friction and the coefficient of drag. It becomes obvious that the 


difference in terminal velocities reflects the difference in veloci- 
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ties after a sufficient run-up. For smaller displacements the differ- 
ence in actual velocities decreases. Figure (4) illustrates an 
extreme case where a skier has unfavourable friction values and low 
values for planform area and the coefficient of drag whereas the 
second skier is in an aerodynamically unfavourable body position but 
has skis with low friction. Whenever such extreme differences occur 
terminal velocity cannot be used to predict differences in submaximal 
velocities. However, this is not likely to occur in high level com- 
petition. 

(b) Considering only terminal velocity permits the quantifi- - 
cation of the impact of a single variable on terminal velocity under 


arbitrary conditions. 


ine Ang lojor ithe 13 lope 


From the basic equation of motion: 


ve PAOD =) iO S en See eCOSLIAL UL Wh us Sie slausinte\ oes, » (2) 


No] a 


we see that the magnitude of the angle influences both the accelerat- 


ing and the decelerating forces: 


F =mgsinA 


Fv=4M eo ucose hu 


For increasing angles, a becomes bigger as a function of the 
sinus of the angle. 
Example: While A goes from 0° to 40°, sin A increases from 


0 to .643), 


Increasing the angle of the slope also reduces the normal force and 
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thereby the friction force. 
Example: While increasing A from 0° to 40°, the cos A goes from 
1e0 CON 76s 

This indicates that at an angle of 50° the influence of the friction 

force 1s; reduced to) /6.6% of its, original value. (Compare Figure 5). 
An increase in the angle of the slope thus has a positive ef- 

fect on Eee eeninal velocity because it increases the accelerating 

force while decreasing the decelerating force. For a given coeffi- 

cient of friction the critical angle for impending motion can be de- 

termined: 


Critical angle = tan tu. (Compare Figure 6 and Table I.) 


The Coefficient of Friction 


The present, model assumes: the: coefficient of friction to be 
independent of the normal force and the velocity (compare Shimbo, 
TO 71). 

Increasing the coefficient of friction causes a reduction in 
terminal velocity. 0nra 1 lat slope u us Very amportant because: the 
normal force is greatest. For increasing angles (and therefore de- 
creasing cos A) the coefficient of friction becomes decreasingly 
less important. Figure 5 shows the decreasing influence of u on be 
as a function of the cosine of the angle. Figure 7 gives examples 
of velocity curves with different u at increasing angles. Figure 
8 demonstrates the per-cent increase in terminal velocity caused by 
a reduction of the coefficient of friction at different angles. 

Equations have been derived to compute the influence of u on 


Vie As the friction force depends on the normal force and thus on 
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the steepness of the hill, the angle of the slope has to be considered 


in the equations: 


cents Sil A = COSA Ul 
1 2 See UCU S Re UND Pde cei yoke ei cba rea! suciers Sele 053) 


CO A en de a ae 


Z 
siniA = cos: Au il 
SUT eee OSA) Muna uenies b) paths ulnar ae» (6) 


The per-cent change in terminal velocity can be calculated 
with these equations. The result of the computations are summarized 


im table LT /oA=8. 


The Mass of the Skier - Ski System 


Recalling equation (2); 


g v- PA CD = mg sin A - mg cos A u 

we see that an increase; inimass will increase the accelerating force 
and therefore create higher terminal velocities. The effect of a 
mass increment of ie has been computed under the assumption that all 
other parameters (such as planform area) remain constant. The equa- 
tion cannot be used for inter-individual comparison and prediction 


of per cent gain in) terminal velocity. 


The predictive formula reduces to: 


= mass 2 
V, = Vy Vieaes TNA he Reise ines 2 oy ere tore) asta cacger (7) 


This indicates that the per-cent gain in ues depends solely on the 
base mass and the mass increment. It is irrelevant for the predic- 
tion how the terminal velocity was achieved. Table III / A-E summar- 


izes the results of the computations. The tables also show, that 
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the benefit of adding mass decreases with increasing base mass. 

Thus a relatively light skier would have the most benefit from carry- 
ing extra mass. Figure 9 gives a graphical solution to the same 
problem. By plotting wie instead of V, on the Y axis the hyperbolic 
function could be changed to a linear relationship. This method 

is not very efficient as each graph is only true for one specific 


Caser 


Aerodynamic Factors 


Recalling the equation of drag: 


oye (PA) (CD) = DRAG 


we see that drag is determined by the velocity of the skier, the plan- 


form area of the skier and the coefficient of drag. 


The Coefficient of Drag 


The coefficient of drag is a measure of how streamlined a body 
is shaped. 

There is no consensus on the absolute value of the CD of a 
skier. Experimental data, collected by Raine in a windtunnel was 
utilized, to estimate’the CD of a skier inglifferent positions. The 
experimental data was then compared to calculated drag curves (compare 
Figure 10). Since the skiers were in identical body positions the 
intra-individual drag differences were most likely caused by the dif- 
ferent racing suits. The comparison of empirical and theoretical 
drag curves revealed that the variations in total air resistance can 


be explained by a change in the coefficient of drag from .6 to .8. 
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The same procedure was used for the skiers in a standing position. 
In accordance with the literature the CD seems to be unaffected by 
body position (Thomann, 1976). The CD has also been found independ- 
ent of the velocity. This suggests a sufficiently high Reynold's 
number. (Fuetterer, 1960). The computer model thus assumes constant 
coefficients of drag between .6 and .8. 

From the equation of drag it is obvious that the CD becomes 
more important with increasing velocities. This tendency is illus- 
trated in Figure ll. 

The influence of CD on the terminal velocity can be expressed 


mathematically through the relations: 


CD 2 

Nite Cut elo: (oneand 
CD 1 

“5 r Yi CIS Otay rece (9) 


Equation Ssgives, the loss ain V, for increasing coefficients 
of drag. Equation 9 computes the gain in Vie due to a reduction of CD. 
Table IV can be used to determine the per-cent change in Me caused 
by a defined change in CD. This percentage, as demonstrated in 


equations 8 and 9 is independent from all other variables. 


The Planform Area 


The planform (cross-sectional) area is subject to substantial 
interesandsintra-individualayariationse:A;Similaryto. the; coefficient 


of drag the importance of a small planform area (i.e. a good racing 


position) increases with the velocity. Figure 12 shows the importance 


of the planform area at different velocities. The influence of PA 


can be computed with the equations: 
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As, these equations. are identical to (8) and (9), Table IV can 
also be used to find the per-cent change in he: caused by an increase 


or decrease of the planform area. 


Other Influencing Factors 


The influence of wind from any direction can be accounted for 
in the model by substituting the relative velocities of the airflow and 
the skier into the drag computations. 

The head resistance which is the resistance of the snow against 
the bend-up tip of the ski depends mainly on: 

- the density of the snow, 

- the specific properties of the snow, 

- mass of the skier and gear, 

- angle of the slope, 

- velocity of the skier, 

= SPCaVOL Sine 

- shape and area of the ski tip. 

A mathematical representation of these variables would be high- 
ly anaccurate and of questionable value, for the skier especially con- 
sidering that all races are done on hardpacked snow. 

The density of the air depends on the height above sea level, 


and_ts assumed "to: be" ilvZs Ke/m” as a constant throughout the computa- 


tions. 
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Results of the Field Experiment 


The results obtained from the analysis of the empirical part 
of the study support the tendencies suggested by the computer model 
as far as the positive influence of added mass on the terminal velo- 


city is concerned. The results are summarized in Table A. 


TABLE A: Summarized results of the field experiment 


All velocities are given in meters per second (m/s) 


DIFFERENCE OF MEANS 


Crouching 
8 kg added 


TABLES V / A-E contain the raw data obtained from the analysis 
of the data film using the described setup. 

The calculated internal body angles and height of the center of 
mass indicate that the body position was held consistent from run to run. 
This implies that the measured differences in velocity were caused 


by the variable mass of the skier-ski system. 


Discussion 


The results obtained through the presented model are consistent 


with the logical relevance of the variables discussed. Fukuoka (1971) 
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derived a more precise equation of motion for a downhill skier. His 
formula also considers the lift force and the initial velocity gener- 
ated through the push from the start gate. However, as far as the 
terminal velocity is concerned his equation leads to almost identical 
Pesuits as the-present model, iThrsscan bevexplainedsby the fact. that 
the initial velocity does not influence the terminal velocity. Fur- 
thermore the lift force is very small because, in a good racing posi- 
tion, the upper body is parallel to the slope and only very small 
angles of attack occur. Thus it seems that the simplifications made 
when constructing the model are justified by the comprehensible equa- 
trons iandythe ‘easyate usé' tables (lt shouldthowever ibe kept in 
mind that it takes theoretically an infinite time to reach terminal 
velocity (Templin, 1968). The real top speed is thus always slightly 
lower than the calculated terminal velocity. 

Increasing the mass of the skier-ski systemwithout changing 
the planform area will increase thenet accelerating force and will 
thus produce higher terminal velocities. Adding extra mass will 
only create a net gain if one or more of the following conditions 
apply: 

- the skier's body position is not negatively influenced by 

the mass increment. 

- the skier's stability and his contact to the snow are not 

disturbed (safety considerations). 

- speed is the limiting factor (e.g. on a very flat run). 

- a loss caused by the added mass is overcompensated. 

Thus adding mass to the skier or ski is a possible way to 


improve the performance in the downhill event. For the more technical 


20 


i x 


asi netic Siping « a4 aufgem Yo offaalipe & a ‘vals ¢ be 
j “Ler ez 4 a iy oa) 3 ; aq, = oe 


iofeov Intdins eds bas ects’ Stal att: 2: Jwitenbsoell: sine 

2 7 |p 
se : “i + = 2) os ‘ ; ,evay Tiose 7 : ‘ea Pal “ny Rit istt 
; A 


tT nile oy zhao) vefatupe gad beotenido. el eevee ae 
7 


= ; | ; 
r po 4 ‘ j eT a Le 

ian (rites (? Orn: aii iy. ae eae 

use 4 
faust : jesmlgai gon ahoh ¥foly Hse 
. 7 * 

' j 0 4 d 
™, 
»] vv. ‘ 
/ 
of ; } 7} { y j “@ 
ti. 9 , 
. S ‘Bzi ; ‘ 
a: 
i e2 #ASBSs ; S Pt (pea i s4ay 3 
etic a/owl i Suny. -¢ i in? peor Bey . (Bes 
» 
vi rapio: (Spins) De be 0 ie Ss wild ane ~ “4 
? : f 4 
! ' 
: 2 a ; | 7 - \f 
5 i ith! WS ] i TAY Sere en? Be trer-sdy Ah. Sho VAN , 
7 7 7 - S d } _ 
: [ i 7 


Gd. ster ege tea saeeall ieee aan 1! Kore.” TIC INET 
oe eiow 7 id ls : oo 
22h WYER SO RRIDDA | a " ayer? 4 7" 
- be AAAS BEDOK bsp gh elias ved aed Sure rye a 


® 
Wie? shrigy “gsrcea st Paks Paget be siesta ‘\Agee rata soba eh 
j ais a - 
. | - Mids ae 


oe baccwelrat wise r, nell - ‘hal hae § ia Xba) < ‘ats Lag? 


; a 


» eek Seine ee: ts iit}: 
r Ne ees: 


f 


24 


oriented slalom and giant slalom event less or no net gain is to be 
expected. The question where extra mass should be attached to the sys- 
tem is still open. Carrying a weight belt around the waist would 
mean that the skier has to support the extra mass with his legs. In- 
serting lead soles into the skiboots may reduce the skier's agility 
and his "feel for the snow''. Thus the best solution could be to work 
with small mass increments of 1 to 2 kg. and to distribute the weight 
around the center of mass and the lower extremities. 

Due to the stated limitations, the possibilities for interpre- 
tation or discussion of the results of the field experiment are limit- 
ed. However, the data indicates that an increase in velocity can 


be achieved by adding mass to the system. 
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Chapter V 


Summary and Recommendations 


The purpose of this study was to quantify the influence of 
selected variables on Re irae locity in downhill skiing. 

A model of selected variables (angle of the slope, coeffi- 
cient of friction, mass of the skier-ski system, Planform area and 
coefficient of drag) influencing the terminal velocity of a skier 
skiing down a uniform slope in a uniform position has been presented. 
The basic equation derived allows prediction of terminal velocity 
for specified cases. The importance of the single factors for the 
dependent variable (terminal velocity) has been quantified. In 
most cases input variables and results have been compared and valid- 
area Using tie melated iterature. (Theiresults of a field experi= 
ment investigating the influence of added mass on the terminal velocity 
for different skiing positions support the tendencies predicted from 
the mechanical model. 

The angle of the slope is the most important single factor 
determining terminal velocity. The critical angle where motion is 
impending and the presented equation of motion becomes true depends 
on the coefficient of friction between ski and snow. 

The coefficient of friction is very important at low angles 
and loses influence on steeper hills as a function of the cosine of 
the angle. Equations describing the importance of the coefficient of 
frictionhave been derived. 

The mass of the skier-ski system has a positive influence 
on the terminal velocity; the skier with the higher body density or 
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added mass has an advantage. Formulas describing the gain due to 
a defined mass increment have been derived. 

As drag increases exponentially with velocity, factors deter- 
mining total air resistance become more important as the 
velocity increases. Mathematical expressions to quantify the impor- 
tance of the planform area and the coefficient of drag have been 
derived. 

The equations derived were used to produce tables that allow 
the prediction of the change in terminal velocity caused by a 
defined change in one of the variables. A graphical model illus- 
trating the relations and inter-relations of the variables discussed 
is presented. A field study should be devised to determine whether 
the tconditions “for sa “net gain “in ‘time, stated in the previous \sec- 


tion, are fulfilled under racing conditions. 
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FIGURE 1: The Velocity of the Skier disregarding Air Resistance. 


Dashed lines: Velocity at time t assuming a coefficient of 


friction of 


Solid lines: 
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Velocity at time t assuming a coefficient of 
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FIGURE 2: Velocity Curves for varying Coefficients of Friction. 
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FIGURE 3: Velocity Curves for varying Coefficients of Drag. 
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FIGURE 4: Velocity Curves for extreme Input Values. 
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FIGURE 5: Decreasing influence of the Coefficient of Friction as a 


Function of the Cosine of the Angle. 
ee te OF the Angle. 
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FIGURE 6: Graphical Determination of the critical Value for the Angle 
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Influence of the Coefficient of Friction on the Terminal 


Velocity at different Angles of the Slope. 
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FIGURE 8: Influence of a decreased Coefficient of Friction on the 


Terminal Velocity at different Angles of the Slope. 
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FIGURE 9: The Influence of Mass on Terminal Velocity. 


The gain in terminal velocity due to an arbitrary mass 
increment can be read from the right vertical axis. 
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FIGURE 10: Validation of the assumed ‘Coéfficient of Drag Values. 


Dashed lines: Calculated drag curves. 


Solid lines: Empiric data (Windtunnel1). 
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FIGURE 11: Influence of the coefficient of Drag on the Terminal 
Velocity. 
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FIGURE 12: Influence of the Planform Area on the Terminal Velocity. 
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FIGURE 13: Graphical Model of the Relations and Interrelations of 


selected Variables influencing Terminal Velocity. 


Mass | Angle of Slope Coefficient of Friction 
(m) (A) (u) 


Accelerating Force 


Decelerating Force 


mgsinA mgcos Au 


— 


Net Accelerating Force 


mg sin A - mg cos Au 


TERMINAL VELOCITY 


mg sin A - mg cos Au 


vee ss ZaMe ROMS IN An COS. At.) 
ae CD PA d 


Density of Air 
(CD) (d) 


Coefficient of Drag 
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TABLE P: 
Critical values of a for impending motion for 


a given coefficient of friction 


Example: If the coefficient of friction between ski 
and snow is .06 the skier needs a slope of 3.4334° to 


start sliding. 
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EXPLANATIONS TO TABLE II/A-E 


Table to Calculate the Influence of the Coefficient of Friction on 


Terminal Velocity 


Use: To find the change in terminal velocity caused by an increase 


or decrease of the coefficient of friction (u). 


Procedure (1): Decrease of the C of friction: 


ilk, 


Ds 


oe 


Find the table for the desired angle of the slope. 

Find the original u in the leftmost colum. 

Find the REDUCED u in the upper row. 

Read off the per-cent increase in (Ue 

Original ve + % increase of VT = New terminal VELOC uy. 
Example: A skier on a 25° slope achieves a terminal 
velocity. of 52.75 m/s, By reducane u from’<«05 tor .<02 


he will increase his Ne by, 32542 tonss.9) m/s. 


Procedure (2): Increase of the C of friction: 


he 


as 


Find the original u in the leftmost column. 

Find thepINGREASED Cot, friction ain the) top. row. 

The new (reduced) velocity can be obtained by multiplying 
the original Wes bys themtactor indacated. “Factor x 

100 = % increase from original Ve 

Example: A skier on a 30° slope will reduce his A. from 


1] m/s.) to" l0e7 oes 4 iehenyencreasingeu from .05, to 07 - 
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EXPLANATIONS TO TABLE III/A-E 
Table to Determine % Increase in Terminal Velocity Due to A Defined 
ee Mn) velocity Due to A Defined 


Mass Increment 


Procedure: 

1, Find the mass of the skier - ski system in the leftmost 
column (Kg). 

2. Find the new mass of the system (mass + mass increment ) 
in the uppermost row. 

3. Read the % increase in terminal velocity off the table. 

4, Obtain the new terminal velocity by adding the indicated 
per-cent gain to the previously attained terminal 
velocity. 


o. the resulting gain in time can be calculated as 


length of run eeilength of run Sy yMMPEGMIN (ectinee sy 
old velocity new velocity 
Note: 


The skier does not ski the entire course at terminal 
velocity. / Thus! the actual time’ gain will he slightly 
lower than the calculated value. 

Example: 
A 74 kg. skier (with equipment) attains (on a certain 
slope) a terminal velocity of 30 m/s. By adding one kg. 


mass he will increase his velocity by .669% to 30.2 m/s.* 


* To convert from m/s. (meters per second) to km/h multiply by 3.6. 
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EXPLANATIONS TO TABLE IV 


Table to Calculate the Influence of the Planform Area and the Coefficient 
SS  anntorm Area and the Coerricient 


of Drag on the Terminal Velocity 


Use: To find the change in terminal velocity caused by an increase 


or decrease in Planform area or C of Drag. 


Procedure (1): Decrease of PA or CD: 


1, 


2 


Procedure 


a 


Find the skier's PA or CD in the leftmost column. 
Find the REDUCED PA or CD in the top row. 


Read off the per-cent increase from the original V- 


Example: A skier achieving a Vi Of MLS! mAs.) wisthica SPA 


of 39 m will iperéase his velocity. by, 15.39% to 17701 


m/s. when reducing the PA to .7 m-. 


(2)> Sincrease of PA or cD: 


Find the skier's original PA or CD in the leftmost column. 
Find the INCREASED PA-or CD in the top row. 

The reduced Ve 1S given asthe per-cent of. thesoriginal Nee 
Example: A skier achieving a e Of P22) mys. inereases ‘his 
coefficient ofidrag from 6 to..9. His new velocity = 


81.65% of the original ve = 17396 m/s. 
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TABLE V_/A: Results of the analysis of the field experiment 


The skier in a relaxed standing position. 
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TABLE V,/B: Results of the analysis of the field experiment 


The skier ina 


MASS INCREMENT : 


relaxed standing position. 


8 kg 
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TABLE V /C: Results of the analysis of the field experiment 


The skier in a crouched position ( racing position ) 
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TABLE V /D: Results of the analysis of the field experiment 


The skier in a crouched position ( racing position ) 


MASS INCREMENT : 8 kg 
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Equation to Calculate the Value of the Critical Angle ES oes for 


Impending Motion for a Given Coefficient of Friction 


Avskier jwilhustartus hiding when the accelerating force is 
bigger than the friction force. As V = O drag need not be 
eonsidered.» Therefore 

sings, =icos A u.= 0 


is the condition for impending motion. 


solving for u; 
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Equation for Calculating the Influence of Mass on the Terminal 


Velocity 


For an increasing mass the terminal velocity (Ve) will in- 
crease depending on mass 1 (ml) and mass 2 (m2). Recalling the basic 


(2) equation and allowing for a variable mass, we obtain: 


ov PA CD = ml’ g sin A---ml g cos Au 
dane. : 
7 V, PA CD = m2 g sin A - m2 g cos Au 


Us 2 
i % 


ml m2 


Solving, for V,: 


m2 
V, = Ee : vy 2 ey tate Me eres CE VE. pac ce eve cay Seapets ei (7) 


We define m2>ml; therefore a V- 

With this equation the increase in ue due to a mass increment 
can be calculated. 

Example: Assume a skier of mass 75 kg. (with equipment) 

attaining a v. of 30 m/s. By increasing his mass to 76 kg. 


he will increase his v. Oe V5 = 430) (1.0066) = 30.20 m/s. 
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Equation to Determine the Influence of the Coefficient of Friction 
ee eee ee ee ae eee EN Ore EECeLon 


on the Terminal Velocity 


For an increasing coefficient of friction the terminal velocity 
will decrease depending on the two coefficients (ul and u2) and the 
angle of the slope: 


Recalling the basic (2) equation and allowing for a variable 


<— 
39) 
> 
(ei 
=) 
i 


mg sin A - mg cos Au l 


No] a 
N 


ne sin A = mgicos A u 2 


No] Gu 
— 
ae) 
> 
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HT 


Equating both expressions and eliminating the constants: 


2 2 
nS NEL a 
Sin AamcOse isis, fo) PSin AN secoss Alu 2 


Solving for Vy: 


Sinn = Cosy A Wil 
San = COS MAY iy ic 


We define ul™u2; therefore vy <V,. 

This equatron can) be used to) calculate: the loss in v. when 
increasing the coefficient of \friction. 

Example: Assume a skier on a 25° slope attaining a velocity 


of 26 m/s. with a u of .02. When increasing the coefficient 


£0: 705. his new v, Wilde bezsmezo 029658). = 325.11. m/s: 
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To, obtain, the,gain in Ve due to abreduction.of athe,,coerficient 


of£-friction we solvye.for V,: 


Ve a 


SiinoAl = cos Aw i 
Sanya sCOSeAntrs 


Example: A skier achieved a ee OLal San Son: 2a 10° slope. 
By reducing ui irom .08. to .06 he will ancrease his ve to: 


1S 


O00) = 16.49 7) (Se 
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Equations to Calculate the Influence of the Planform Area and the 


Goefticrent ‘of Dragon the Terminal Velocity 


au Planform Area 

For a decreasing planform area (PA) the terminal velocity Oe) 
will increase depending on PA1 and PA2. 

Recalling the basic (2) equation and allowing for a variable 


PA we obtain: 


Ven Pack CD° = mieusin A. - mg cos Au 


No] a 
N 


NO] Qu 
N 


Vise SP AZ CDi = myer sain A = meg cos Au 


Solving for Vi: 


We define PAl1>PA2; therefore Ons V,- 


This equation can be used to calculate the loss in ie when the 


planform area is increased. 


: 2 
Example: A skier reaching a ve Of 290¢m/sS.) WEEN (anh AnOt e26im 


will reduce his Ue TOR va = 29 (.8165) = 23.68 m/s. 


Solving for V5 we obtain the increased velocity due to a 


reduction of planform area: 


| anvh i * ed mae 2 
ft - ) " ; re A 
: 7 ‘ 


he fie ‘ ei oh ns he si'4 Te 7ali) * 7 a? “4 ryt 
~~ : >< es oe oe atin 


; % 
“eZ eoopear Petes’ stis@® S0:\ae8 


Ol 2 ccna a FR, 


rel 

an ee — a, ft 

e f 

-/ 

i 
ep 
Lj 
7] rad 


Me 7 i ie 
ry -T ae i is peat ’ le 
om 7 = ce 
(ae . “ Al - 
ant 0 AS San vu = 


sae Seine ae aie 


(1) nls —V cl, egal aes Sap 


; i aake oa 


nH TOL IME 


rived a er 
“a ft. te 44 


os SUE, @2 rare, si ier’ Sot é a 


ae 


lent to 


aré€a. 


70 


Example: By reducing his planform area from .4 m” COW'S m a 


skier will increase his terminal velocity by 15.47%. Assuming 


Vy = 27) m/isee (PA = a ace PAQ N= 5 ae 


be 


27 (11547) 


SL oan/( sic 


The Coeffiteient of (Drag 
The influence of coefficient of Drag can be determined equiva- 


the procedure used to determine the influence of the planform 


The’ equations changed’ to (substituting CD for PA): 
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APPENDIX D 


COMPUTER PROGRAMS 


7A 


10. 


PROGRAM INDEX 


Program to. compuce a1r resistance. 

Program to compute terminal velocity. 

Program to compute per-cent increase in terminal velocity for a 
given, decrease in. the coefficient of friction. 

Program to compute the per-cent change in terminal velocity for 
av/given increase in the coefficient of friction. 

Program to compute internal body angles and the velocity of a 
surface mark. 

Program to compute the velocity of the center of mass of the 
Skier. 

Program to compute terminal velocity using a formula derived by 
TEMPLIN (1968). 

Program to compute time loss due to an increase in planform area 
for a defined time interval using a formula derived by THOMANN 
(1976). 


The velocity of a skier as a function of the displacement. 
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PROGRAM 2 
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PROGRAM 5 
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prt "INTERNAL. ANGLES” 
Prt “VELOCITY CHipd" snc 3 
dim 2$14,251;439q 
ent "NUMBER OF FRAMES Kad 
dim Zl2,R] 
dsp "SET ORIGINE ON x - AXIS"swait 2000 
Cs) DI CLEDZE SECOND POINT ON X-AXIS "sre 4,0,8 
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end 
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